We report on the fabrication of inverted Yablonovite-like three-dimensional photonic crystals by nonlinear optical nanolithography based on two-photon polymerization of a zirconium propoxide hybrid organic-inorganic material with Irgacure 369 as photo-initiator. Advantage of this material is ultra-low shrinkage that guaranty high fabrication fidelity. Images of the fabricated structure are obtained with a scanning electron microscope. The photonic crystal consists of three sets of nearly cylindrical structural elements directed along the three lattice vectors of the fcc lattice and cross each other at certain angles to produce inverted Yablonovite geometry. To investigate photonic properties of the inverted Yablonovite structures, we calculate the photonic band structure for ten lowest-frequency electromagnetic modes. In contrast to the direct Yablonovite structure that has a complete photonic band gap between the second and third bands, we find no complete photonic band gaps in the inverted Yablonovite lattice. This situation is opposite to the case of fcc lattice of close-packed dielectric spheres in air that has a complete photonic band gap only for the inverted geometry.
INTRODUCTION
The existence of three-dimensional (3D) periodic photonic structures with complete photonic bandgaps was first suggested by E. Yablonovitch in 1987 [1] . Four years later, Yablonovitch and coauthors demonstrated the first example of a handmade 3D microwave structure with a complete photonic band gap [2] . The structure consists of a dielectric medium that has been drilled along the three lattice vectors of the face-centered cubic (fcc) lattice and has been named after Yablonovite [3] . Similar to the photonic crystal (PhC) with a diamond lattice of air spheres, we can think of Yablonovite as two interpenetrating "diamond-like" lattices, one of which is a connected region of drilled dielectric, and the other being a connected air region. Yablonovite was first fabricated on centimeter scales for measurements in microwave frequency range. Yablonovite structure produced by drilling holes with a radius of 0.234a (a is the fcc unit cube length) has a complete photonic band gap between the second and third bands of 19% of its center frequency at a typical semiconductor refractive index n=3.6 [2] .
Direct laser writing by two-photon polymerization (2PP) of photosensitive materials has emerged as a promising technique for rapid and flexible fabrication of 3D structures with sub-100-nm resolution [4] . This new technology is based on two-photon absorption; when the beam of an ultrafast laser is tightly focused on a volume of photosensitive material, the polymerization process can be initiated by two-photon absorption within the extremely small focal region. By moving the beam focus in a 3D manner through the material, 3D structures can be fabricated. The only processing required afterwards is the washing and removal of the non-illuminated -and therefore not polymerized -material. Here we apply 2PP technique for the fabrication of inverted Yablonovite-like 3D PhC. The laser beam creates three sets of nearly cylindrical structural elements, directed along the three lattice vectors of the fcc lattice and "direct" Yablonovite structure has been non-illuminated and removed. *M.Limonov@mail.ioffe.ru; phone +7 (812) 292-7174
EXPERIMENTAL SET-UP AND MATERIALS
As the main geometry of our PhC, we select the famous Yablonovite structure fabricated in the pioneering paper [2] . We fabricated the inverted Yablonovite -like PhC structures by 2PP of a zirconium propoxide hybrid organic-inorganic material with Irgacure 369 as photo-initiator. Advantage of this material is ultra-low shrinkage that guarantees high fabrication fidelity [5] .
For the structure fabrication droplet of the photo-resist was deposited on the surface of 150 µm thick glass slide and prebaked at 60°C for 30 min. The laser beam is focused by the microscope objective through the glass slide into the volume of the photo-resist. Laser pulses were focused by a Zeiss 100x oil-immersed microscope objective with numerical aperture of 1.4. Laser oscillator IC-80-400 fs Ti:Sapphire from High Q Laser Innovation GmbH (Austria) was used as source of femtosecond pulses. Radiation wavelength of the laser is 800 nm, pulse duration 61 fs, and pulses repetition rate 73 MHz. Laser power delivered to the structured sample was adjusted by a polarizer coupled with a half-wave plate. The half-wave plate is installed on computer controlled rotation stage. For fast control of the laser beam an acousto-optic modulator was used. PhC structure was generated by scanning focused beam spot in volume of the photo-resist. It was achieved by mounting of the sample on the air bearing translation stages from Aerotech Inc. (USA). Translation stages are controlled by computer with software developed at the LZH. CAD model in STL format is used by this software to control trajectory of scanning.
Fabrication of the PhC structure was done with average laser power of 2.4 mW and scan speed 10 µm/s. Sample fabricated by 2PP was developed in isopropanol for removal of non-exposed non-polymerized photo-resist. , the great progress has been made in scaling down the crystal lattice and increasing the structure quality.
INVERTED YABLONOVITE-LIKE PHOTONIC STRUCTURE
In this work we create 3D photonic crystal with the size of 31х25х12 μm that consists of three sets of nearly cylindrical structural elements ~0.7 μm, directed along the three lattice vectors of the fcc lattice and cross each other at certain angles to produce inverted Yablonovite geometry, with the lattice spacing ~2.5 μm (Figure 2 ).
Averaged measured rod thickness was 740±70 nm. The calculated structure filling factor is 15±1.3%. 
ANALYSIS OF THE PHOTONIC BANDGAP STRUCTURE

General approach
In this work to investigate theoretically photonic band structure, eigenmodes of periodic structures have been calculated using plane wave expansion method. Following the paper [7] we express magnetic field in the plane wave basis
where k is the wave vector, g is a reciprocal lattice vector, ω is the frequency, and c is the speed of light in vacuum.
In this notation the wave equation for magnetic field reads
Here M is a positive-definite hermitian operator, which matrix element
is expressed by
, and g ε is the Fourier coefficient of the inverse of the permittivity distribution function. It is convenient to calculate the product k h M using two fast Fourier transforms that is the first one before and the second after multiplication to the inverse permittivity [8] . Note that the wave equation (2) . We have solved eigenproblem (2) using symmetric Lanczoc process [9] . To improve convergence we expand subspace using an operator which is nearly inverse to M (this operator is referred to as preconditioner in [10] ). In addition for convergence reasons we have exploited effective permittivity tensor approach described in [8, 10] . The effective permittivity tensor is depended to the permittivity gradient. The latter was calculated by the finite difference method.
Calculations of photonic bandgap structure
To obtain photonic band structure that is eigenmode frequency versus wave vector we have calculated up to 10 lowest bands. We have solved eigenproblem (2) by expansion magnetic field inside the primitive cell over 27000 (30 by 30 by 30) plane waves. The permittivity gradient has been calculated by discretization each of 27000 parallelepipeds by mesh with 5 by 5 by 5 nodes. Figure 3 shows photonic band structures for Yablonovite structure with a high dielectric constant (ε =13) in air (a) and for inverted Yablonovite structure (b). For direct Yablonovite structures, our results coincide with those published earlier [2, 3] . The complete photonic band gap is opening between second and third bands (Figure 3a) . In contrast to the direct Yablonovite structure, we find no complete photonic band gaps in the inverted Yablonovite lattice (Figure 3b ). This situation is opposite to the case of fcc lattice of close-packed dielectric spheres in air (the case of synthetic opals) that has a complete photonic band gap only for the inverted geometry [10] . 
Photonic band gap analysis
We calculate the complete photonic band gap width as a function of the bulk material permittivity value for the direct Yablonovite structure and for the inverted close-packed fcc lattice (inverted opal structure), see Figure 4a . For the direct Yablonovite the complete photonic band gap opens at ε =4.8 and growth monotonically with permittivity. The same dependences for opal structures have been reported in a numerous papers [11] [12] [13] . Figure 4b shows the dependence of the relative complete photonic gap width for the direct Yablonovite structure with high permittivity ε = 12 as a function of cylinder radius r. Obviously, there exists an optimal filling ratio and the dependence has pronounced maximum at r =0.232a (authors of [2] founded very close value r=0.234a). This value corresponds to the filling fraction of bulk dielectric structure of f =25%. Figure.4b demonstrates that the diapasone from r=0 to r=0.354a (disappearance of dielectric matrix martial). The complete photonic band gap is opening at r =.14a and closing at r =0.27a.
CONCLUSIONS
We have fabricated inverted Yablonovite-like three-dimensional photonic crystals by two-photon polymerization of a zirconium propoxide hybrid organic-inorganic material with Irgacure 369 as photo-initiator, and have calculated its photonic bandgap structure for ten lowest-frequency electromagnetic modes. In contrast to the direct Yablonovite structure that has a complete photonic band gap between the second and third bands, we have found no complete photonic band gaps in the inverted Yablonovite lattice. This situation is opposite to the case of fcc lattice of close-packed dielectric spheres in air that has a complete photonic band gap only for the inverted geometry.
